Among human sensing abilities such as sight, hearing, smell and touch, [1] [2] [3] [4] mimicking the sense of touch, also known as tactile sense, has been very challenging because the human body is capable of detecting touch with a mass-loading sensitivity better than 1 kPa (the pressure of 10 grams on an area of 1 cm 2 ). A highly sensitive pressure sensor is needed for the development of artificial skin. [4] Touch-sensing is important for many applications such as prosthetic hands, [5] humanoid robots [6] and minimally invasive surgery. [7] For these applications, precise pressure detection is necessary to properly respond to external stimuli;
for example, humans must adjust the applied force in order to hold a delicate object. The path to reach higher sensitivity requires tuning of materials and structures. [4, 8] A basic method for its sensitivitiy can be tuned by structural modification of the dielectric fillers. For example, polyolefin foam has been used as a dielectric material to increase pressure sensitivity, because empty pores inside the foam could make the foam more deformable under pressure. [11] Polymer films with arrays of micro-scale air gaps were also shown to improve pressure sensitivity, [12] as more free spaces between the pillars make the polymer films more compressible by pressure. Recently, a pressure sensor with sensitivity as high as 0.55 kPa -1 was demonstrated, in which a polydimethysiloxane (PDMS) film was patterned into an array of conical pillars and used as the dielectric layer of an OTFT. [13] Nevertheless, for the low pressure range of less than 1 kPa, it is still desirable to improve sensitivity further for the various applications mentioned above.
Ideally the pressure sensors should be conformal and processable over large surface.
Thus, the fabrication method is an important aspect, and it should be facile and inexpensive for large-area applications. Processes using solution materials, lamination, and inkjet printing are low-cost, allow additive fabrication over various surfaces, and do not include harsh processing steps that require high temperature or chemical etching. Inkjet printed organic thin-film transistors have been used as large area switching matrices. [14] [15] , and here OTFTs are combined with pressure sensors to enable current read-out and device structures that will be useful for integration into sensor matrix arrays.
In this study, we have demonstrated highly sensitive pressure sensors by patterning dielectric filler with a facile and inexpensive breath figure method. Microstructure of the dielectric was analyzed to choose the best geometry that yielded record sensitivity for the pressure sensor, especially in the range of less than 1 kPa. Breath figures method (BF) was applied to obtain a nano-needle template as shown in the first image of figure 1(a). BF relies on self-assembly of water droplets on the surface of organic polymer solution and has been widely used to pattern polymer films into honeycomb-structures. [16] BF is a very facile and cost-effective way to fabricate structured polymer films, because the size of the pattern and adhesion to the substrate are easily adjusted by varying concentration and choice of polymers.
[17] Condensation of water droplets were self-assembled on polymer solution; and after evaporation of water and solvent, a polymer film with honeycomb structure remained on the substrate. The upper portion of the structured polymer film was pulled apart from the bottom portion by tape to leave an array of nano-needles on the film. A block copolymer, polystyrene-block-poly (2-vinylpyridine) (PS-b-P2VP), was used for the demonstration of nano-needle array fabrication here. The hydrophilic block of PS-b-P2VP stabilizes the water droplets to form a regular array during BF; it also helps the polymer to stay attached to the glass substrate. The soft P2VP was easily removed by tape, in contrast to the glassy PS material. Several other methods to pattern nano structures have been reported. [18] [19] Those methods needed many complex steps such as photolithography, thermal evaporation, wet etching, and reactive ion etching; fabrication of the nano-needle array by BF is much simpler and faster by comparison.
[20]
Tips of the nano-needle array prepared by BF had very sharp ends with a radius of curvature around 10 nm. The height from the bottom of the pore to the highest point of the nano-needle was measured to be about 3 μm. Figure 1 At the low pressure range below 1kPa, the sensitivity of the nano-needle sensor reached 1.76 kPa -1 which was three times higher than the value from conical filler.
[13] For pressure over 1.5 kPa, the sensitivity of the nano-needle sensor decreased to the level similar to that of the flat solid PU film, because the base portion of the nano-needle film was being compressed, Likewise, a pressure sensor with the hemispherical filler showed higher sensitivity than the solid film in the low pressure range, and then the sensitivity of the two structures converged at higher pressure. The critical pressure for transition between the sensitivity regimes is determined below based on analytical models of the filler microstructures.
Capacitance is inversely proportional to the gap distance between electrodes, and this distance is controlled by the thickness, or height, of the dielectric film. The sensitivity of a capacitive pressure sensor is influenced by the dielectric microstructure. Relationship between pressure and height is modeled by the following stress-strain equations for elastic materials:
where S is the stress on each PU structure, E is the Young's modulus, ε is strain, x is the change in height of the structure, L is the total height, F is the applied load, and A is the actual contact area;
where P is pressure and A t is the total pressed area.
The total pressed area (A t ) remained constant while the actual contact area (A) changed with deformation of the film structure. The actual contact area was dependent on the shape of each dielectric structure as illustrated in figure 3(a) . ) 2 for the nano-needle structure. These expressions were substituted into the equation (2), and the change in height x of each structure was shown against pressure in figure 3(b) . At the low pressure regime, the sharpest drop in height was observed for the nano-needle. The conical shape also showed very large response to pressure, but its change in height is still four times less than the nano-needle, for pressure up to 1 kPa. The shapes of the microstructures in the dielectric filler critically affected the sensitivity of the capacitive pressure sensor, and the nano-needle would be the best structure for high sensitivity in the lower pressure range. With actual values of E=50 MPa and L=3 μm in equation (2), the nano-needle height would decrease by 400 nm at 1 kPa. To further reduce the height by another 400 nm, pressure more than 20 kPa would be required. This calculation is in good agreement with the measured data, and it shows the transition between sensitivity regimes for the pressure sensors with patterned dielectrics. We also performed calculation to verify any dependency of sensitivity on density of nano-needles. When diameter of the honeycomb structure doubles density of the nanoneedles also becomes one fourth. Thus, an area previously covering four nano-needles now corresponds to that of one nano-needle. If under the same pressure and total pressed area, a nano-needle patterned film with the former density decrease in thickness by x, then another nano-needle patterned film with the latter density decrease by 2x so that real contact areas for films. Sensitivity to pressure should be same for both nano-needle patterned films because the two nano-needles show the same relative capacitance change under the same pressure and total pressed area. Hence, it could be suggested that sensitivity to pressure is independent of density of nano-needles. Instead, the pore diameter of honeycomb structure could be adjusted to vary thickness of a nano-needle patterned film.
The nano-needle capacitor was assembled with an inkjet printed OTFT by placing the nano-needle dielectric on the gate electrode of an OTFT as shown in figure 1(b) . When pressure was applied to the top electrode, the gate capacitance was reduced and led to increase charge accumulation in the transistor channel, which in turn increase the device current.
Because an OTFT device had small loading area, it was challenging with conventional tool to apply a force small enough to stay below the pressure range of less than 1 kPa. To overcome this difficulty, a paper force gauge [21] was introduced for characterization at low pressure,. A sharp tip was installed on the paper force gauge, seen in figures 4 (a) and (b), to apply pressure by varying the input voltage to a piezoresistive element. As the force gauge bends under the input voltage, the resistance of the piezoresistive element changes accordingly, and the output of the gauge shows the corresponding change in current. Thus, with help of the force gauge, we did not have to measure the actual force which would be very small. The force gauge was placed on the pressure sensor with an OTFT. The output current of the gauge and the drain current of the OTFT were simultaneously measured under pressure, as shown in figure 4(c). For the nano-needle patterned dielectric, the relative change in the OTFT current increased quickly; on the other hand, the flat solid dielectric showed about 3 times less sensitivity compared to the nano-needle dielectric film as the slopes of the graphs in figure 4(c) show. As in the capacitor sensor alone, the OTFT pressure sensor was working with high sensitivity. Thus, incorporation of this OTFT pressure sensor into matrix will be promising for flexible and large area electronic tactile sensor devices.
In conclusion, a capacitive pressure sensor with a nano-needle dielectric was successfully fabricated by a facile breath figures method and demonstrated a record sensitivity among polymer tactile sensors. The choice of dielectric microstructure is important, and the dielectric with a nano-needle showed sensitivity up to 1.76 kPa -1
. This high sensitivity is due to the sharpness of nano-needles with radius of curvature around 10 nm. The capacitor with with the nano-needle filler was integrated with an inkjet printed OTFT, and it showed high pressure response in agreement with capacitance change. This showed that the current of
OTFTs increased with pressure due to an increase in capacitance, which in turn enhanced charge accumulation in the conduction channel. Structural advantage of the nano-needle film facilitated very high sensitivity for the capacitive pressure sensors. These pressure sensors integrated with printable OTFTs will be enabling for many flexible, large-area pressure sensing applications.
Experimental

Materials:
The diblock copolymer polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP, 27 000-b-4000 g/mol, φ P2VP = 13.4%) was purchased from Polymer Source Inc. Carbon disulfide (CS 2 ) was obtained from Sigma-Aldrich Inc. PS-b-P2VP was dissolved at 1.0 % wt. in the PS-selective solvent (CS 2 ). Urethane acrylate (PU prepolymer; EBECRYL 265 photo-curable resin) and photo-initiator (Irgacure 184) were obtained from Cytec Industries and CIBA, respectively. Polyethylene glycol monomethyl ether acetate (PGMEA) were purchased from Sigma-Aldrich Inc. All the reagents were used as received.
Preparation of nano-needle polymer template:
The PS-b-P2VP solutions were drop-cast onto a glass substrate inside an acrylic glass chamber at room temperature. Humid air was pumped into the chamber until an appropriate relative humidity was reached. After 5 minutes, the solvent evaporated and the glass substrate was removed from the chamber to allow water evaporation under ambient conditions. The PS-b-P2VP film obtained was circular, with diameter of around 3 cm. Formation of honeycomb structure on the polymer film was confirmed under an optical microscope. Adhesive tape was put on the surface of the patterned PS-b-P2VP film in order to remove the top portion of the polymer film. The nano-needle PSb-P2VP film was the template for replication by PU films.
Preparation of nano-needle polyurethane (PU) film: UV-curable PU prepolymer solution was prepared at 80 %wt. by mixing PU prepolymer and PGMEA. The PU prepolymer solution was poured into the nano-needle polymer template with a 2 cm diameter circular mould and cured by a Black-Ray B100AP UV lamp at 365 nm for 6 miniutes. As a result, a PU stamp was obtained with the inverse shape of the nano-needle template. In order to pattern nanoneedle PU film, the PU prepolymer was spin-coated on a piece of Al foil at 2500 rpm for 4 minutes. The PU stamp was pressed onto the piece of Al foil with the PU prepolymer layer, and this preparation was illuminated by the UV lamp at 365 nm for 6 minutes. Afterwards, the PU stamp was released, and a nano-needle PU film was patterned on the Al electrode. 
Measurement of change in capacitance with
